Three lesser known wood species from Mozambique were studied to generate information for identification purposes and facilitate the introduction of these species into the wood working industry by assigning or widening the potential uses of these species. Selected anatomical features were used to predict some important wood properties, subsequently confirmed by measurements of both density and impregnability. Comparative wood anatomy showed that all three wood species have anatomical features typical for their genus after comparisons with their closest relatives. Both ntholo (Pseudolachnostylis maprounaefolia Pax) and muanga (Pericopsis angolensis Meeuwen) are diffuse-porous (with 14-24 and 16-20 vessels /mm 2 respectively), have extractives in the heartwood vessels and thick-walled fibres, features consistent with good natural durability and strength respectively. Metil (Sterculia appendiculata K. Schum.) is also diffuse-porous with very wide vessels at much lower frequency (< 5 /mm 2 ), it lacks extractives in the heartwood vessels, and thin-walled axial and ray parenchyma constitutes the bulk of the ground tissue. This set of characteristics makes the wood light and satisfactory for construction purposes but highly vulnerable to biodegradation.
INTRODUCTION
According to a national forest inventory (Marzoli 2007) , about 70% (65.3 million ha) of Mozambique's area is currently covered with forest (definition of FAO, FRA 2005) , including some other types of woodland, all generally designated as miombo. The protected and conserved forest areas include about 14.4 million ha. The remaining woodlands contribute with up to 37% of the total forested area or 24 million ha. Recently, some authors (Ogle & Nhantumbo 2006; Ali et al. 2008) have addressed the need to explore the potential of lesser-known or lesser-used timber species in order not only to minimize pressure on the most sought species, but also to increase the productivity of the forest exploitation. Encouraging experience concerning studies of lesser known wood species in Africa was recently reported from Ghana (Ogle & Nhantumbo 2006; Oteng-Amoako 2006) .
In this context, a complete analysis was carried out in the 2007 Forest Inventory, in which some unknown and lesser used wood species were recorded, viz. Pseudolachnostylis maprounaefolia Pax (ntholo), Pericopsis angolensis Meeuwen (muanga) and Sterculia appendiculata K. Schum. (metil) . Ntholo is ranked amongst the most abundant wood species in the provinces of Zambézia, Tete, Cabo Delgado, and Manica, with 2% of the total volume of the national dense forest (FAO 2005 terminology) or 4.1 million m 3 . Earlier, Gomes e Sousa (1968) described this tree species botanically and emphasized its potential for common uses, especially for furniture and construction purposes, but no accounts about its wood anatomy, processing, and current uses were found. The authors also indicated that the trees are suitable for parks and gardens. Metil also accounts for 2% (i.e. about 4.1 million m 3 ) of the total volume found in dense forest but its occurrence is mainly confined to the provinces of Cabo Delgado and Nampula. Muanga shares 3.4% (i.e. 1.9 million m 3 ) of the standing volume available in open forests across Cabo Delgado, Zambézia, Manica and Sofala (Marzoli 2007) . As in the case of ntholo, no data about the anatomy and processing of metil and muanga were found.
This study is an attempt to contribute to the description of the wood anatomical features and to discuss the potential properties of the above mentioned species. Former studies correlating the wood structure and corresponding properties include Dinwoodie (1975) ; Ezell (1979) ; Leclercq (1980) ; Beery et al. 1983; Hillis (1989) ; Zhang & Zhong (1992) ; Lee et al. (2001) ; Perré & Badel (2003) ; Rahman et al. (2005) ; Brancheriau et al. (2006) and Wu et al. (2006) . Some anatomical attributes commonly used to predict timber properties are fibre wall thickness, porosity pattern, fibre length, ground tissue proportions, microfibril angle and grain pattern. Despite recognized natural variability in wood, structure-property relations from studies in the past have proved to be valid for many different wood species in such a way that many have become established theories with practical application in the field of wood science and technology. For example, the presence of extractives is associated with good natural durability and is an obstacle for fluid flow into wood, while high porosity and thin-walled fibres reflect low density. Thus, deriving properties from the structure is increasingly becoming reliable to the extent that foresters use this knowledge in silvicultural practice to produce trees with a set of desired wood properties.
The present anatomical study was carried out in combination with a study of enduse properties of these three species, and we could therefore test the validity of some generally held views on structure-property relations.
MATERIAL AND METHODS

Tree sampling
Five trees of ntholo were felled and sampled at random within a stand as recommended for anatomical, physical and mechanical property studies (Pan American Standard Commission, Copant 1972) . Due to technical difficulties, samples of both muanga and metil were taken from a sawmill in the same province (Cabo Delgado). It is assumed that these trees originated from approximately the same type of open forest and climatic conditions as the ntholo trees. Each tree was cut into three logs. The logs were sawn to 50-mm-thick planks. Samples for the anatomical study were taken from butt logs at breast height.
Site description
Sampling took place in the northern province of Cabo Delgado, about 60 km from central Montepuez in an open dry forest stand frequently subjected to fires set by local people as a consequence of either shifting cultivation or traditional hunting activities. The climate of this region is mostly semi-arid, sub-humid and dry with an annual average precipitation ranging from 800 to 1000 mm and a temperature varying from 20 to 25 °C on average per year (Mozambique Ministry of State Administration, 2005) . The geographical location of the ntholo stand is S 12° 15' 39.5" and E 39° 11' 57.4" (Fig. 1 ) and the stand altitude 376 m. In the sampling area, the trees are typically growing in association with bamboo ( Fig. 2) .
Microscopic observation and wood property measurements
Sections used for light microscopic study were prepared after boiling small blocks of wood in water with 10% glycerin for 4 h. Afterwards the samples were rinsed and left in water overnight, but the blocks were still hard to section. Sections (20-40 µm were cut using a Leitz sliding microtome. Some sections were stained either with 1% lactophenol blue (longitudinal sections) or 1% safranin (transverse sections). Anatomical features were described using terminology and procedures outlined in the IAWA Hardwood List (IAWA Committee 1989). Quantitative features like vessel density, vessel lumen diameter, number of rays, average tissue proportions, vessel element length including the tails, and fibre length were measured with the help of the software package Image-Pro Plus. Tissue proportions were measured from cross sections. Samples were delignified and macerated by treatment in a 1:1 mixture of 100% acetic acid and H 2 O 2 under 60 °C for 18 hours (Wise et al. 1946) to allow vessel element and fibre length measurements. Scanning electron microscopy (SEM) was used to observe features like vestured pits and crystals. For SEM, semi-thin sections (i.e. TS, TLS, RLS) were air-dried, mounted on stubs, coated with gold and observed using a Philips XL30 ESEM at 15 kV (Daniel et al. 2004) . The described features were compared with the wood anatomy of closely related taxa and subsequently used tentatively to predict or discuss potential wood properties as well as features that can hinder wood performance in common use.
Density and treatability
Density at 12% moisture content was measured by the classical water displacement method. Standard procedures for impregnability tests were applied. The treatability was expressed as the ability of the wood samples to take up water under impregnation. Samples were subjected to a vacuum pressure of 60 mbar during 20 minutes followed by 8 bar pressure (30 min) and then kept in distilled water for 2 hours under atmospheric pressure. The amount of water retained in each sample was determined in kg/m 3 by calculating weight differences (i.e. before and after impregnation).
Brief description of the trees
Pseudolachnostylis maprounaefolia Pax (Euphorbiaceae, Ntholo)
The trees are small, 5 to 10 m tall, with hemispherical crowns. The trunk is often about 30 cm in diameter and has a brown and cracked bark. The natural distribution of this species ranges from Central to East tropical Africa and in Mozambique ntholo grows on the northern Save River especially in plateau areas of open forest on sandy clay or frequently yellow soils (Gomes e Sousa 1968; Marzoli 2007).
Pericopsis angolensis Meeuwen (Leguminosae, Muanga)
Muanga is a common tree growing both in the Brachystegia woodlands and wooded grassland within an altitude ranging from 500 to 1650 m. Muanga is mainly distributed across DRC, Zimbabwe, Tanzania and Mozambique (African Hardwoods n.d.). This species resembles Pericopsis elata found in West and Central Africa. Hyde and Wursten (2008b) reported muanga as mostly medium to large sized trees, with pale grey to whitish smooth bark and irregularly-shaped thin pieces peeling off the lower trunk. According to Dirninger (2004) , muanga is a fast growing deciduous tree with a fairly open crown reaching 20 m in height with trunks 35 to 60 cm in diameter.
Sterculia appendiculata K. Schum. (Sterculiaceae, Metil) According to Hyde and Wursten (2008a) , trees of this deciduous species have unbranched trunks and grow up to 40 m in height. The trunk diameter is 50 cm or more. The only branching is observed close to the crown. The bark is smooth, pale to yellowish grey and the young branchlets have dense woolly, rusty-yellow hairs. The natural distribution of this species is Malawi, Mozambique, Tanzania and Zimbabwe with the trees growing mainly in coastal and riverine forests (Hyde & Wursten 2008a) .
RESULTS
Wood anatomical descriptions
Pseudolachnostylis maprounaefolia Pax (Ntholo) - Fig. 3 Growth ring boundaries indistinct to distinct; if present, marked by marginal parenchyma bands. Heartwood distinct. The grain is straight.
Vessels diffuse, 18(14-24)/sq.mm, lumen diameter 108 (61-144) µm, solitary and in radial multiples of 2-4, rounded in TS (Fig. 3A) ; perforations simple, intervessel pits alternate and minute (4-5 µm), nonvestured (Fig. 3F) . Vessel element length 765 (461-1099) µm. Vessel-ray pits similar to intervessel pits in shape and size. Gums and other deposits mixed with needle-like crystals present in the heartwood vessels (Fig.  3A , C: arrows).
Fibres 2025 (1015-2533) µm long, very thick-walled, walls 6 (4 -10) µm, with simple to minutely bordered pits mainly confined to the radial walls, nonseptate (Fig. 3G) .
Axial parenchyma in narrow, partly unilateral paratracheal bands, up to 4 cells wide (Fig. 3A) , with 4-8 cells per strand (Fig. 3B) . Both ray and axial parenchyma cells often filled with extractives (Fig. 3B, D) .
Rays 10 (5-15)/mm, 1-3-seriate and up to 650 µm tall (Fig. 3B, E) , composed of square marginal cells and procumbent body ray cells. Prismatic crystals in chambered axial parenchyma, and in square marginal ray cells (Fig. 3D) . Typically only one crystal of about the same size per cell or chamber (Fig. 3D: arrows) . Tissue proportions: ray parenchyma 22 (19-24) %; axial parenchyma 8 (7-9) %; vessels 14 (12-16)%; fibres 57 (53-60)% (Fig. 6) .
Pericopsis angolensis Meeuwen (Muanga) - Fig. 4 The wood of muanga has distinct heartwood, straight grain, and indistinct to distinct growth ring boundaries.
Vessels diffuse, 18 (16-20)/sq.mm, lumen diameter 131 (69-173) µm, solitary and in radial multiples of 2-4 (Fig. 4A) . The outline of solitary vessels is rounded. Perfo- rations simple (Fig. 4A) . Intervessel pits vestured, small to medium (4-9 µm wide), alternate (Fig. 4C, F) . Vessel-ray pits with distinct borders, similar to intervessel pits in size and shape. Vessel element length 504 (379-664) µm. Gums and other deposits present in heartwood vessels (Fig. 4A: arrows) .
Fibres 2156 (1250-3000) µm long, very thick-walled, 9 (7-14) µm, with occluded lumina (Fig. 4B) , with simple to minutely bordered pits, non-septate. Axial parenchyma, winged-aliform to confluent and in up to 5 cells wide discontinuous paratracheal bands, in 3-4 cells per strand, storied with the vessel elements.
Rays 6 (4-14)/mm, 1-3-seriate, 434 (240-950) µm tall, composed of procumbent central cells with one row of square to upright marginal cells (Fig. 4E) : small rays irregularly storied (Fig. 4C, D) . Prismatic crystals rarely observed in chambered parenchyma on the border of axial parenchyma and fibre tissue. Silica bodies were not observed.
Tissue proportions: ray parenchyma 17 (14-20)%; axial parenchyma 7 (5-9)%; vessels 19 (17-20)%; fibres 58 (51-64)% (Fig. 6) . Fig. 5 The wood has a straight grain and the growth ring boundaries are indistinct. Heartwood and sapwood are indistinguishable at the macroscopic level.
Sterculia appendiculata K. Schum. (Metil) -
Vessels diffuse, 3 (1-4)/sq.mm, lumen diameter 371 (195-527) µm, solitary or in radial pairs, rounded and oval in TS, perforations simple, intervessel pits alternate, 8-10 µm in diameter (Fig. 5A, F) . Vessel-ray pits with reduced borders to simple and similar to the intervessel pits in size and shape. Vessel element length 489 (298-583) µm. Tyloses, gums or other deposits absent from the heartwood vessels.
Fibres 2220 (1500-2750) µm long, thick-walled 6 (4-9) µm, in bands that are narrower than the very broad axial parenchyma bands (Fig. 5A, B) . Ground tissue fibres with simple to minutely bordered pits.
Axial parenchyma in 3-20 cells wide bands, in strands of 3-4 cells, storied (Fig.  5B) . Prismatic crystals in both chambered and non-chambered axial parenchyma cells (Fig. 5D: arrows) .
Rays 1-4(-3)/mm, 3-17-seriate, 1429 (500-3000) µm tall, composed of procumbent central cells, with 1-4 rows of square to upright marginal cells, and surrounded by sheath cells (Fig. 5B, E) .
Tissue proportions: ray parenchyma 19 (13-24)%; axial parenchyma 53 (50-61)%; vessels 6 (0-13)%; fibres 22 (17-27)% (Fig. 6) . 
Pseudolachnostylis
According to Mennega (1987) , the genera Pseudolachnostylis and Securinega belong to the subtribe Securineginae Muell. Arg. of the family Euphorbiaceae. Thus, wood anatomy descriptions of Securinega durissima (bois dur) available on the InsideWood database were compared with that of Pseudolachnostylis maprounaefolia.
Both species are diffuse-porous with vessels solitary and in radial multiples, although vessels of Securinega durissima are occasionally disposed in a diagonal pattern and are smaller in diameter. Vessel element length is of the same range. Securinega durissima has a higher vessel density (40-100/sq. mm) than Pseudolachnostylis maprounaefolia (14-24/sq. mm). Similar features include intervessel pit shape and size, vessel-ray pits, fibre pits, non-septate fibres, mean fibre length range, and very thick-walled fibres. The axial parenchyma of P. maprounaefolia differs from that of S. durissima which is diffuse or in irregular bands of only one cell wide. Ray features are similar and prismatic crystals are present in chambered axial parenchyma and in marginal square ray cells of both species. All these similarities confirm the close phylogenetic affinities of Securinega and Pseudolachnostylis (Wurdack et al. 2004 ).
Pericopsis angolensis & P. elata
Wood anatomy of muanga is compared with that of its closest sister within the genus Pericopsis, i.e. Pericopsis elata (Harms) Meeuwen (Kokrodua), described by Richter and Dallwitz (2000) and available in the InsideWood database. Pericopsis elata is a CITES-listed species in Annex II, growing in West Africa and its wood anatomy is very similar to Pericopsis angolensis from Central and East Africa (UNEP-WCMC 2008) . This can be easily inferred by comparing wood anatomical features of the two species. Virtually all wood anatomical features overlap or are identical. Small differences include vessel element length (reputedly shorter in P. elata), parenchyma distribution (greater tendency for banding in P. angolensis); prismatic crystals are found in slightly different patterns, i.e. in P. angolensis this trait is mainly observed on the border of axial parenchyma and fibre tissue while in P. elata they occur either in ray cells or in chambered axial parenchyma cells.
Sterculia appendiculata & S. comorensis
Sterculia comorensis is a tree species growing in Madagascar, Mauritius, Réunion, and Comores, and its wood has been described by Détienne (unpublished, but data available on the InsideWood database website).
The wood anatomy of these two species is very similar. The similarity extends to the lack of tyloses, gums or other deposits in heartwood vessels. The fibres are thin-to thick-walled in S. comorensis, but only very thick-walled in its counterpart, S. appendiculata. Chambered prismatic crystals are present in both species, but occur in both ray and axial parenchyma in S. comorensis, and are restricted to axial parenchyma in S. appendiculata. Metil is clearly within the range of wood anatomical variation of the species-rich genus Sterculia (cf. Chattaway 1937) . Table 1 summarises selected features from which timber properties can be tentatively predicted. Apparently, all three species have a straight grain allowing a smooth surface of wood upon sawing and planing. Ntholo and muanga have similar features, e.g. vessel density (Table 1) , presence of gums, extractives and a high volume percentage of very thick-walled fibres (Fig. 6 ). This suggests that both wood species have a low permeability and are naturally durable due to the presence of extractives (Table 2) . Ntholo and muanga contain 57-58 % of very thick-walled fibres combined with a relatively small tangential vessel diameter range (61-144 and 69-173 µm) compared to metil's 22% fibres and much larger vessel diameter range (195-527 µm) ( Table 1) . The above mentioned features are prerequisites for the significantly higher density of ntholo and muanga compared to that of metil (Table 2) and consequently a higher mechanical strength can be predicted (Ezell 1979; Akachuku 1985; Bowyer et al. 2003) . Moreover, large diameter wood vessels and thin-walled parenchyma are known to lower the strength of the wood, i.e. features shown by metil. The overall tissue proportions are almost identical for both ntholo and muanga (Fig. 6) , thus suggesting very similar physical-mechanical properties and behaviour under timber processing.
Anatomical features and wood properties
Metil is ecologically well-adapted for efficient water transport since it has wide vessels but very low vessel density (< 5/mm 2 ) ( Table 1 ). In contrast, ntholo and muanga show a hydraulic architecture in terms of vessel density and diameter that is better Fibre wall thickness (μm) Very thick-walled Very thick-walled Very thick-walled (4-)6(-10) (7-) 9 (-14) (4 -) 6 (-9) n = 25, sd = 1.4 n = 29, sd = 1.5 n = 41, sd = 1.3 adapted to hydraulic safety required in dry environments (Zimmerman 1983; Baas et al. 2004; Wheeler et al. 2007 ).
Metil has a high volume percentage of axial parenchyma and wide vessels lacking extractives. The wood is lighter, probably very vulnerable to biodegradation by fungi and insects, but possessing a high impregnability (Table 2) . Sterculia pruriens growing in Venezuela proved to be non durable under both laboratory soft rot tests and in ground contact trials Márquez et al. 2008) . Metil has many wide rays (10-seriate or more), however allowing rapid drying (although prone to radial splitting) compared to both muanga and ntholo with much narrower rays (Bowyer et al. 2003) . Preliminary results (Uetimane et al. 2008 unpublished data) regarding the drying behaviour of ntholo confirmed that this species requires a long drying period since its calculated diffusion coefficient is 2.49 E-10 m 2 /s, i.e. a value close to other tropical and temperate hardwood species known as slow drying species, namely eucalyptus (Eucalyptus tereticornis), cherry (Prunus avium) and niangon (Tarrietia utilis). In this respect, muanga is likely to have the same drying behaviour as ntholo given its similarity in density.
Hardwood fibre lengths are generally known to be shorter than those of softwoods. Thus, softwood fibres are more desirable for pulp and paper (Bowyer et al. 2003) . Ntholo, muanga and metil have average fibre lengths of 2025, 2156 and 2220 µm respectively, values much lower than average softwood fibres of 3000 to 4000 µm, but still at the long end of the fibre length range in hardwoods.
CONCLUSIONS
In general, the structure of the selected lesser-known wood species from Mozambique revealed promising properties for diverse end uses. Specifically, ntholo and muanga may be interchangeable and be assigned to uses where mechanical strength and natu- ral durability are important. In contrast, the structure of metil suggested a light wood with poor natural durability, though with good prospects if impregnated (i.e. few but wide vessels). Additionally, the drying rate of metil is likely to be significantly higher compared to both muanga and ntholo. In terms of end uses, metil is thought suitable for veneer production due to the absence of extractives within the heartwood vessels.
